Library  of  the 
College  of  Liberal  Arts 
Boston  University 


The  Gift  of 
the  author 


BOSTON  UNIVERSITY 
GRADUATE  SCHOOL 
Thesis 
SOLAR  ENERGY 

by 

August  Herman  Wigren 
(A.B.,  Boston  University  1912) 
submitted  in  partial  fulfilment  of  the 
requirements  for  the  degree  of 
Master  of  Arts 
1943 


Approved 
by 

I 


First  Reader 


ssor  of  r^si'c 


Second  Reader 


Professor  of  ?li«js»£2 


INDEX 

Pa^e 

1      Introduction  1 

11      Nineteenth  Century  Theories  1 

111      Twentieth  Century  Theories  2 

IV      The  Galactic  Electron  Stream 

Theory  3 

V       Atomic  Nature  of  Matter  5 

VI        Nuclear  Transmutations  11 

Vll        Pioneer  V.'ork  in  the  field  of 

Nuclear  Transmutations  13 

Vlll        The  Carbon  Cycle  15 

IX        Rate  of  Energy  Production  18 

X        Resume'  21 


1 


SOLAR  ENERGY 
INTRODUCTION 

From  the  earliest  times  the  sun  has  been  an  object  of  awe 
and  wonder.    Because  of  its  great  power  and  the  dependence  of 
life  upon  it  man  made  it  one  of  his  great  gods  and  tried  to 
curry  favor  with  it . 

Man  has  always  been  curious.    He  wants  to  find  out  what 
makes  the  "wheels  go  round".    But  because  of  the  greatness  of 
the  sun  and  its  distance  away  it  has  not  been  until  recently 
that  he  has  been  able  to  offer  any  satisfactory  suggestions  or 
theories  about  its  source  of  energy. 

NINETEENTH  CENTURY  THEORIES 
In  1849  Robert  Mayer  offered  the  suggestion  that  the  heat 
of  the  sun  might  be  accounted  for  by  the  fall  of  meteoric  mat- 
ter into  the  sun.    The  difficulty  with  tnis  idea  is  that  the 
bombardment  required  to  maintain  the  sun's  heat  would  cause  its 
weight  to  be  doubled  about  every  thirty  million  years.  Geolog- 
ical evidence  of  the  earth's  age  makes  this  hypothesis  impos- 
sible. 

Helmholtz  in  the  early  1850' 8  proposed  the  theory  that  the 
heat  of  the  sun  was  released  by  the  contraction  of  its  gases. 
This  hypothesis  will  furnish  the  correct  rate  of  energy  pro- 
duction, if  contracted  at  the  proper  rate,  as  has  been  shown 
from  the  general  theory  of  Eddington.    But  even  if  the  sun  had 
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started  with  an  infinite  diameter  the  heat  set  free  by  its  con- 
traction to  its  present  size  would  be  sufficient  for  only  some 
fifty  million  years.  This  was  satisfactory  until  the  discovery 
of  radioactivity  in  the  beginning  of  the  twentieth  century 
which  showed  that  the  age     of  the  earth  was  much  greater. 

TWENTIETH  CENTURY  THEORIES . 
Radioactivity,  because  it  has  shown  that  some  elements,  especial- 
ly radium  and  uranium  disintegrate  spontaneousely  and  give  off 
great  quantities  of  heat,  has  been  used  as  a  basis  for  deter- 
mining the  source  of  solar  energy.  Since  uranium  keeps  radiating 
constantly  and  has  a  period  (  half  lifetime  )  of  4,000  million 
years*  this  hypothesis  had  no  trouble  in  explaining  the  time 
scale  we  believe  to  be  true  for  the  sun.  Uranium,  in  the  process 
of  its  disintegration,  produces  radium  and  therefore  in  this 
study  of  the  energy  of  the  sun  I  am  using  the  name  uranium  to 
cover  all  its  disintegration  products  as  well  as  uranium  itself, 
Nov/,  in  order  to  provide  the  rate  of  radiation  which  we  obtain 
from  the  sun,   it  will  have  to  be  assumed  that  the  sun  consists 
almost  entirely  of  uranium.   But  evidence  from  the  study  of  met- 
eoric particles  shows  that  there  is  only  about  one  part  of  ur- 
anium in  one  million  parts.  Therefore  we  are  unable  to  obtain 
from  this  theory  the  known  amount  of  the  solar  energy.  Radio- 
activity undoubtedly  furnishes  some  of  the  energy  of  the  sun 
but  probably  not  more  than  one  percent.  Thus  we  will  have  to 
look  further  to  account  for  the  rest  of  the  solar  energy. 
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Around  1920  Eddington  proposed  another  hypothesis  for  the 

source  of  the  sun's  energy.     His  idea  was  that  the  solar  energy 

was  produced  by  the  rushing  together  of  protons  and  electrons 

and  their  mutual  annihilation.     In  this  theory  a  proton  and  an 

electron  strike  each  other  and  destroy  themselves.     Their  mass 

therefore  must  be  transformed  into  energy.     The  mass  energy  thus 

2 

produced  is  equal  to  ma     ,  where  m  is  the  mass  of  the  proton 
plus  the  electron,  and  c  is  the  velocity  of  light.     This  would 
provide  sufficient  energy  for  the  lifetime  of  the  sun  up  to  date • 
Although  we  have  observed  the  annihilation  of  an  electron  pair, 
that  is,  an  electron  and  a  positron  striking  each  other  and 
vanishing,  and  their  mass  transformed  into  energy,  v/e  have  nev- 
er yet  observed  that  action  betv/een  a  proton  and  an  electron. 
Theref ore , until  we  have  some  evidence  that  such  a  reaction  will 
take  place,  we  will  have  to  neglect  this  theory  in  accounting 
for  the  sun's  energy. 

THE  GALACTIC  ELECTRON  STREAM  THEORY . 
Ealbert  P.  Gillette  has  proposed  the  hypothesis  that  the 
sun  is  bombarded  by  high  speed  galactic  streams  of  electrons 
in  sufficient  number  to  produce  its  energy.     This  idea  was  the 
outcome  of  his  study  of  sun  spots  and  v/e  a  the  r  cycles.     In  its 
earlier  form  the  cycle  theory  did  not  take  into  consideration 
the  possibility  that  electrons  might  be  moving  in  great  streams 
in  stellar  spaces.     It  considered  only  that  such  streams  coming 
from  the  sun  bombarded  the  earth,   causing  not  only  auroras  and 


magnetic  storms  associated  with  sun  spots,  but  whirls  in  the 
earth's  atmosphere  and  other  meteorological  disturbances. 
Upon  studying  the  directions  from  which  meteors  come,  he  found 
that  some  showers  had  their  peaks  toward  midnight,  and  therefore 
these  meteors  were  moving  toward  the  sun.  lie  claims  to  have 
found  evidence  that  galactic  streams  of  electrons  are  moving 
sunward, and  that  the  main  source  of  both  s  ItJllar  and  terres- 
trial electrons  is  these  streams.  They  may  carry  some  protons 
with  them  and  these  may  be  the  puzzling  cosmic  ray  particles 
which  Compton  concluded  in  1936  were  protons. 

The  sun  is  always  covered  with  granules  which  he  infers 
are  small  whirls  in  the  solar  gases  caused  by  the  bombarding 
galactic  electrons.     They  have  a  higher  temperature  than  the 
adjacent  areas  which  he  attributes  to  the  impacts  of  galactic 
electrons.     Each  of  these  granules  v/ould  then  be  a  magnetic 
focus,  attracting  galactic  electrons, and  the  sun's  general  mag- 
netic field  would  be  a  resutant  of  these  minor  fields. 

Because  moving  electrons  are  attracted  by  magnetic  poles 
and  because  spirally  moving  electrons  induce  such  poles,  the 
sun  is  a  great  focus  toward  which  galactic  streams  flow. 
'Therefore  torrents  of  high  speed  galactic  electrons  constantly 
bombard  the  sun, and  impart  much  of  their  kinetic  energy  to  it 
and  afterwards  escape  with  reduced  velocities. 

This  theory  of  solar  energy  infers  that  the  sun's  surface 
is  as  hot  as  its  core,  whence  it  follows  that  the  sun  must  have 
a  molten  core,  for  under  the  enormous  gravity  there  must  be  a 


depth  at  which  it  ceases  to  be  gaseous  and  becomes  liquid. 

The  idea  of  the  attraction  of  the  galactic  electrons  by 
the  granules  on  the  sun  acting  as  a  magnetic  focus,  and  also  by 
the  sun  as  a  great  magnetis  in  direct  contradiction  to  experi- 
mental facts.  Also  in  this  theory  the  core  of  the  sun  is  con- 
sidered to  be  a  liquid.  But  with  the  high  temperature  that  the 
sun's  center  has  this  would  be  impossible  because  of  the  crit- 
ical temperature  for  the  sun's  material.  This  theory  therefore 
is  evidently  erroneous  and  I  will  neglect  it  in  accounting  for 
the  solar  energy. 

ATOMIC  NATURE  OF  MA TIER. 

Atoms  consist  of  a  nucleus  that  is  positively  charged  with 

a  number  of  electrons  about  it  .  The  diameter  of  the  nucleus  is 
1 

less  than  lu, uuu    of  the  diameter  of  the  atom.  Yet  the  nucleus 

contains  practically  all  the  mass  of  the  atom.     The  nucleus  in 

turn  consists  of  protons  and  neutrons.     The  proton  carries  a 

positive  chsrge  numerically  equal  to  the  charge  of  an  electron. 

A  neutron  is  a  particle  without  a  charge  (electrically  neutral) 

whose  mass  is  very  slightly  greater  than  a  proton. 

Most  elements  have  two  or  more  nuclei  with  different  mass 

numbers,  atomic  weights  (II);     these  are  called  isotopes.  To 

distinguish  isotopes  we  may  write  their  mass  numbers  as  a  sup- 

35  37 

erscript  on  its  symbol  as  an  CI      and  CX    •     The  atomic  number 
(equal  to  the  number  of  protons)  may  be  written  in  the  upper 
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left  hand  corner  as  17C135  and  17C137.    The  chemical  properties 
are  determined  by  the  atomic  number  and  therefore  are  the  same 
for  the  two  isotopes  of  chlorine,  and  it  requires  the  most  re- 
fined methods  of  chemistry  and  physics  to  separate  them.  But 

from  the  standpoint  of  nuclear  physics  they  are  totally  differ- 
17  15 

ent,  ■••'CI      nucleus  contains  17  protons  and  18  neutrons,  while 
17q}37  has  17  protons  and  20  neutrons. 

The  mass  number  and  atomic  number  completely  characterize^ 
a  nucleus.    But  further  information  about  the  nucleus  is  ob- 
tained from  its  atomic  weight.    This  is  the  mass  of  the  atom 
(nucleus  with  the  electrons  around  it)  in  terms  of  the  mass  of 
8016  atom  arbitrarily  considered  to  be  16.000000.    The  atomic 
weights  of  some  of  the  important  light  atoms  are  here  given  in 
Table  1. 

TABLE  1 

Name  Symbol  £  If  A  M  


El ectron 
Neutron 
Hydrogen 
Deuterium 
Helium 
Lithium 
Boron  10 
Boron  11 
Carbon  12 
Carbon  13 
Nitrogen  13 
Nitrogen  14 
Nitrogen  15 
Oxygen  15 
Oxygen  16 


e 

H2 

H  4 
He4 

Li? 
BlO 

Bll 
013 
Cl3 
Vl  3 
N14 

Nl5 
015 
016 


0 
1 
1 

2 
3 
5 
5 
6 
6 
7 
7 
7 
8 
8 


1 

0 
1 
2 
4 
5 
6 
6 
7 
6 
7 
8 
7 
8 


0 
1 
1 
2 
4 
7 
10 
11 
12 
13 
13 
14 
15 
15 
16 


0.000549 
1.00893 
1.008123 
2.014708 
4.00390 
7.01822 
10.01618 
11.01284 
12.00382 
13.00751 
13.00988 
14.00751 
15.00489 
15.0078 
16.000000 


P           Number  of  Protons           Atomic  Number 

U  - —  Number  of  Neutrons  in  the  Nucleus 


A  Mass  Number  P  4  N 

M  Atomic  Weight 

Prom  the  table  it  will  be  noticed  that  the  weight  of  the 

hydrogen  atom  and  Kihe  neutron  is  slightly  greater  than  I., 

Therefore  if  we  put  8  hydrogen  atoms  and.  8  neutrons  together 
16 

to  form  an  0      atom  its  mass  should  be  more  than  16.000000. 

Where  did  the  remaining  mass  go?    Eere  the (special  )  relativity 

16 

theory  gives  the  answer:     the  nucleus  of  the     0        atom  contains 
less  energy  than  the  16  separate  protons  and  neutrons.  Energy 
is  set  free  v/hen  the  protons  and  neutrons  combine  to  form  a 
nucleus;   this  is  why  a  nucleus  stays  together.  We  can  deter- 
mine the  amount  of  energy  set  free  by  the  decrease  in  mass. 

When  the  mass  decreases  by  the  amount  (m)   the  energy  decrease 
2 

will  equal  mc  ,  where  c  is  the  velocity  of  light.     One  unit  of 

mass  corresponds  to  0.0015  ergs  of  energy.     This  figure  is  ob- 

2 

tained  by  the  use  of  the  formula  mc     just  stated.     It  has  been 

23 

calculated  that  there  are  6.026  X  10      atoms  in  one  gram  atom. 

This  is  called  Avogadro's  number.     Therefore  if  v/e  use  an  atom 

with  the  atomic  weight  of  one  we  find  this  atom  will  have  a 

 1  1 

weight  of     6.026  X10*3  gram3,  or  approximately    6  "K  10  a3  grams . 

Also  c  which  is  the  speed  of  light,   is  equal  to  approximately 
10 

3  XLO  cm/  sec.     Now  by  substituting  these  values  in  the 

2 

formula  mc      ergs  we  find  the  value  of  one  gram  mass  equals; 


(  5  X  10  J 

23 


6  X10 


6  X  10 


20 


23 


-3 


m    1.5  X  1°      a    0.0015  errts 


8 

* 

Using  Table  1  we  obtain  the  following  data; 

Mass  of  8  Neutrons  8.0714 
Mass  of  8  Hydrogen  Atoms  8.0G50 
16                Total  16*1364 
Mass  of  0      Atoms  1G.0000 
Mass  Loss  0.1364 

Energy  change           0.000205  ergs  or  205  microergs • 

Of  course  this  energy  is  very  small  but  it  is  for  a  singl 
oxygen  nucleus.     If  v/e  produced  a  gram  of  oxygen  nuclei  by  us- 
ing |  of  a  gram  of  protons  and  %  of  a  gram  of  neutrons  together, 

18 

the  energy  set  free  would  be  7.7  x  10          ergs  or  210,000  kilo- 

1 

watt  hours.     In  ordinary  burning  we  obtain  only  about    100  of 
a  kilowatt  hour  of  energy  from  one  gram  of  coal.     Thus  we  see 
what  tremendous  energies  are  liberated  when  protons  and  neutrons 
unite  to  form  a  nuclei. 

Most  nuclei  are  stable  unless  they  have  a  violent  colli- 
sion with  another  nucleus.  But  there  are  some  that  are  radio- 
active; if  they  are  left  to  themselves  they  will,  after  a  while, 

emit  some  particle  and  change  into  another  type  of  nucleus. 

13           15                                            13  13 
N      and  0      are  two  such  nuclei.     N      changes  into  0      when  it 

undergoes  radioactive  transformation.     Thus  the  total  number 

of  nuclear  particles  remains  the  same,  but  the  number  of  pro- 

tons  changes  from  seven  to  six.     Thus  the  radioactive  process 

musTemit  a  particle  with  the  charge  -4-  e    which  has  a  very  small 

mass.     This  seems  impossible  at  first  as  an  electron  has  a  neg-r 

ative  charge.     But  Anderson  has  discovered  an    e+     or  positron 

which  is  similar  to  the  electron  except  for  its  charge.  This 

positive  electron  exists  in  cosmic  radiation  and  is  emitted  by 

e 

 a_o  T  T.  

9 

 —  -                             xo   ±-to  ; — 

radioactive  nuclei  such  as  N      and    0     •       It  travels  only  a 

short  distance  after  its  emission  and  then  dies  by  combining 

2 

with  an  ordinary  electron.     An  energy  of  rac       is  set  free  by 

this  annihilation  where  m  is  tv/ice  the  mass  of  the  electron:  thi 

energy  is  converted  into  radiation  of  very  short  wave  length. 

The  "half  lifetime"  of  the  known  radioactive  nuclei  varies 

13 

widely  from  very  short  periods  to  very  long.  But  for    N  and 
15 

0      they  are  moderate,  namely  10  minutes  and  2  minutes  respect- 
ively.    These  are  the  ones  that  are  of  importance  in  the  prod- 
uction of  energy  in  the  sun. 

There  is  only  one  mass  number,     namely  5,  for  which  no 

P  5 

stable  nucleus  exists.      He       is  formed  in  certain  reactions  but 

-20 

breaks  up  almost  immediately  (that  is  within  10  seconds). 

This  is  due  to  the  fact  that  there  is  no  binding  force  between 

2     4                                                                  2  5 
He     and  a  neutron  so  that  the  nucleus    He     does  not  hold  to- 

p  4 

gether.     Likewise  there  is  no  binding  force  between      He  and 
a  proton    and  therefore     uLi       is  not  formed.     Table  2  follow- 
ing lists  all  the  known  isotopes  of  the  first  nine  elements. 

(next  page) 
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TABLE  2 

Mass  Numbers 
of 

Radioactive  isotopes 
Mass  Numbers  emitting 

of  stable        positive  negative 


Name 

Symbol 

Z 

isotopes 

electrons 

Neutron 

n 

0 

  1 

Hydrogen 

H 

1 

1,2 

  3 

Helium 

He 

2 

3,4 

  G 

Lithium 

Li 

3 

6,7 

  8 

Beryllium 

Be 

4 

8,9 

ii)*  10 

Boron 

B 

5 

10,11 

  12 

Carbon 

C 

6 

12,13 

10,11  14 

Nitrogen 

N 

7 

14,15 

13  16 

Oxygen 

0 

0 

16,17, 

18 

15  19 

Fluorine 

F 

9 

19 

17,18  20 

-"•Captures 

negative 

electrons 

but  does 

not 

emit  positive  ones. 
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KUCLEAh  TRANSMUTATIONS . 

In  many  respects  nuclear  transmutations  are  similar  to 
chemical  reations.     The  neutrons  and  protons  take  the  place  of 
chemical  atoms,   the  nuclei  take  the  place  of  chemical  compounds, 
and  the  transmutation  consists  in  reshuffling  of  the  neutrons 
and  protons.     There  are  two  types  of  nuclear  transmutations, 
the  simple  capture  and  the  particle  reaction. 

In  a  simple  capture  two  nuclei  come  together  and  combine. 
Hie  new  nucleus  contains  all  the  protons  and  neutrons  of  the 
reacting  nuclei.     This  capture  is  always  possible  if  the  result- 
ing nucleus  can  exist.    An  example  of  simple  capture  is  as 
follows: 

5Li7  ^  4Be8  +  y  (l) 

Here  a  lithium  nucleus  and  a  hydrogen  nucleus  have  united  to 
form  a  beryllium  nucleus  of  mass  8,  the  excess  energy  going  off 

as  a  Y  ray« 

In  a  particle  reaction,  the  protons  and  neutrons  of  the 
reacting  nuclei  are  not  all  combined  but  are  redistributed 
among  two  nuclei. 


3Ll7-f-  1H1  ->  2  He4    -f-    2Iie4  (2) 

7      '  "'  •. 

A  proton  colliding  with  a  Li    nucleus  does  not  always  produce  a 
capture  but  may  produce  a  particle  reaction.     But  in  any  nuclear 
reaction  some  energy  is  involved,  either  set  free  or  absorbed. 
Using  Table  1  we  can  calculate  the  mass  difference  and  obtain 
the  energy  set  free  in  reaction  (2). 


Mass  5Li     -  7.01822 

Mass  Hi1     -  1.00812 

Sun  8.02634 

Mass  of  2    2IIe4  -  8.00780 

Difference  0.01854 

This  corresponds  to  27.8  microergs  of  energy.     This  energy 

is  disposed  of  by  changing  into  kinetic  energy,  causing  the  two 

^le4  nuclei  to  fly  in  opposite  directions  with  a  speed  of 

12,500  miles  per  second.     In  a  simple  capture  reaction  this  is 

impossible  because  only  one  nucleus  is  formed.     In  this  type 

of  reaction  the  energy  passes  into  electromagnetic  radiation 

and  a  quantum  of  y  radiation  is  emitted. 

It  has  been  shown  theoretically  and  experimentally  that 

particle  reactions  are  more  probable  than  simple  capture  when 

5    7  11 

both  can  occur.  The  chances  for  a  simple  capture  Li  -Y  H  -? 
4  8 

3e     \  y'  is  about  1  in  10,000;   in  all  other  cases  particle 

reaction.     But  there  are  many  cases  when  particle  reactions  can-' 

not  take  place  because  a  large  amount  of  energy  is  required 

2  4 

is  the  oaag  if  the  ti-g.  Jie  ■■  nuclei.     Then  only  simple  capture 
can  take  place. 

In  the  laboratory  nuclear  transmutations  are  produced  by 
accelerating  a  few  particles  to  quite  high  kinetic  energies.  A 
Kinetic  energy  of  about  0.8  microergs  will  give  a  proton  an  ap- 
preciable probability  of  penetrating  a  carbon  nucleus  and  caus- 
ing transmutation.    Yet  only  about  one  in  a  million  such  pro- 
tons v/ill  make  a  hit;     the  others  will  be  slowed  down  by  colli- 


13 


sions  with  atoms  and  lose  their  kinetic  energy. 

In  the  sun,  because  of  the  high  temperature  of  the  inter- 
ior ,  all  the  protons  have  high  kinetic  energy,     'flier e  are  enor4 
mous  numbers  of  them  and  they  are  not  slowed  down  because  all 
atoms  have  equal  probabilities  of  high  energies.  Therefore 
nuclear  transmutation  in  the  sun  gives  a  net  gain  of  energy  and 
thus  intense  heat  is  produced  inside  the  sun,  whereas  it  cannot 
be  produced  on  the  earth. 


PIONEER  WORK  IN  TEE  FIELD  OP  NUCLEAR  TRANSMUTATIONS. 
It  was  first  in  1919  that  Rutherford  while  performing  his 
experiments,  obtained  the  first  direct  evidence  of  protons  in 
the  nuclei  of  atoms  other  than  those  of  hydrogen.     He  found 
when  alpha  particles  are  shot  into  paraffin  which  contains  many 
hydrogen  atoms, that  they  then  knocked  out  particles  which  some- 
times had  over  four  times  the  range  of  the  original  alpha  part- 
icles. These  particles  are  hydrogen  nuclei,   or  protons,  knocked 
out  of  the  paraffin  by  direct  hits  upon  them  of  the  alpha  part- 
icles.    Their  greater  range  is  due  to  their  small  mass  and 
lesser  charge.     He,  later  in  the  same  year,  also  found  similar 
long  range  particles  coming  from  nitrogen  gas  which  had  been 
bombarded  by  alpha  particles.     Since, in  this  case  only  nitro- 
gen was  present,  he  concluded  that  these  long  range  particles 
must  be  protons  which  had  been  knocked  out  of  the  nitrogen  nu- 
cleus.    This  was  the  first  step  in  the  study  of  nuclear 
transmutations . 


• 
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About  six  years  later  Llacke tt, while  studying  thousands 
of  cloud  chamber  pic tures , observed  some  that  showed  an  alpha 
particle  colliding  with  a  nitrogen  atom  and  then  the  two  going 
off  together  as  one  particle.     The  alpha  particle  had  vanished 
or  in  other  words  had  been  "captured"  by  the  nitrogen.  This 
resulted  in  the  formation  of  a  new  nucleus.     The  original  nu- 
cleus had  a  charge  of  ^-7.     The  ejected  proton  carries  away  but 
one  positive  charge  while  the  alpha  particle  brings  in  two  more, 
so  there  is  a  net  gain  of  one  positive  charge.     The  new  nucleus 
therefore  has  a  charge  of  *j>8.     This  is  the  nucleus  of  an  oxygen 

atom.  The  following  is  the  equation  for  this  reaction; 
^  >      ^4  +  7N14    _y    8olV  ^  ^ 

This  new  nucleus  has  a  mass  number  of  seventeen  and  is  a 
rare  isotope  oxygen, 

of 

d  Lo  u  o    C  H  n  f%  (l  fs  / 
P/CTu  i\  £.  /  4^ 


p  ■»  is  the  trail  of  the  ejected  proton 
(A  »  is  the  trail  of  the  alpha  particle  which  collides 
with  the  nitrogen  atom, 

17 

0  is  the  trail  of  the  new  nucleus;-.  Thus  direct  evidence  has 
been  obtained  for  the  "capture"  reaction. 
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In  1932  Cockroft  and  Walton  produced  nuclear  disintegra- 
tions by  the  use  of  electrically  accelerated  ions.     They  first 
used  500,  000  volts  of  electrical  energy  to  shoot  hydrogen  ion3, 
or  protons,  against  a  lithium  target,  with  the  result  that  alpha 
particles  were  emitted  from  the  target.     This  they  interpreted 
as  meaning  that  the  capture  of  a  proton  by  a  lithium  nucleus 
produced  an  unstable  nucleus  which  broke  down  with  explosive 
violence  into  two  helium  nuclei,  or  alpha  particles.     The  equa- 
tion for  this  reaction  is  as  follows: 

11      3, 7.    24  24 
H  Li     —7    lie     4.  He 

This  reaction  was  verified  by  cloud  chamber  photographs 
which  showed  the  two  alpha  particles  shooting  out  in  nearly 
opposite  directions,  and  with  equal  ranges.     This  then  gives 
evidence  of  wlnnt  rn  mil  ,lparticle"reac tion. 

These  experiments  have  been  the  basis  for  the  study  of  nu- 
clear transmutations.     It  is  upon  this  type  of  transmutation^ 
that  we  are  going  to  build  a  hypothesis  for  the  source  of  solar 
energy. 

THE  CARBON  CYCLE 
Which  of  the  nuclear  changes  are  the  cause  of  energy  pro- 
duction in  the  sun?  In  choosing  particles  we  find  it  necessary 
to  choose  a  very  small  nucleus,  such  as  j  in  other  words  to 
select  a  proton  as  one  of  the  reacting  nuclei.  In  the  sun  hy- 
drogen is  the  most  abundant  element.  The  other  nucleus  should 
have  a  small  charge.  It  cannot  be  another  proton  as  then  we 
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2  2 

would  obtain    He    which  does  not  exist.     Also  we  have  shown  wc 

cannot  use  %e^    as  ^Li^  does  not  exist.      Li    could  react  but 

3  7 

there  is  not  sufficient    Li     in  the  sun  so  this  must  be  ruled 
out  as  It  would  not  last  long.     The  same  would  be  true  with 
Be  and  B. 

V.e  now  come  to  carbon  and  its  reaction  is  interesting.  No 

6  12 

particle  reaction  is  possible  between      C      and  protons  because 
of  the  energy  required.     To  produce  this  type  of  reaction  would 
require  a  kinetic  energy  of  10  microergs  in  the  protons  which 
is  hundreds  of  times  greater  than  the  energy  of  the  solar  pro- 
tons.    Thus  only  a  simple  capture  can  take  place  as  follows: 

The  y  indicates  the  emission  of  a  y  ray.     Tne  new  nucleus 
7  15 

formed    N      is  radioactive  and  will  disintegrate  spontaneously 
with  the  emission  of  a  positive  electron. 

V3  ^    V3   -t-e  +  (0-8) 
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The     C      nucleus  is  stable  and  will  live  until  hit  by  another 
proton.    Here  again  only  a  simple  capture  can  take  place  because 

of  the  energy  required  by  a  particle  reaction. 

6-13        1TT1  _    7TT14  .  *\ 

C       -f-     H  -      K  4r  Y  (C-3) 

7  14 

N  is  another  stable  nucleus  and  this  will  yield  tne  following 
reactions: 

7  14      1  1  8  15  .  . 

H     ^  H  ^       0  +>  y  (C-4) 

8015-J   7H15   +    e-h  (C-5) 

7  15 

'The  nucleus     N      will  again  be  stable  until  it  reacts  with  a 
proton.     This  result  is  different.     We  now  have  a  particle  re- 


action  which  is  possible  namely: 


7rT15  1^1 
N      -f-  H 


GC12  1  2He4 


(C-G) 


Now  by  using  Table  1  the  sura  of  the  nuclear  weights  of 
7  15  11 

N       -fr     H      is  0.00529  mass  units  heavier  than  the 

products.     This  will  result  in  the  liberation  of  7.9  rnicroergs. 
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This  set  of  reactions  is  very  interesting.       C      which  we 

started  with  is  reproduced  in  the  final  action.  Thus  we  see  the 
6  12 

C    nuclei  are  not  used  up,  which  if  they  were,  would  rule  this 
out,  as  carbon  nuclei  are  not  too  numerous  in  the  sun. For  every 
four  hydrogen  atoms  consumed  one  helium  atom  is  produced.  The 
mass  change  may  be  obtained  from  this  table. 


iiass  of  4  hydrogen  atoms 

4  protons  and  4  electrons 

Mass  of  He  atoms 

He  nucleus  and  2  electrons 

Difference 


4.03250 
4.0390 


0.02860 

The  energy  set  free  by  the  C  cycle  can  be  calculated  from 
the  above  data.     This  gives  us  43  rnicroergs  of  which  3  microergj 
is  said  to  go  into  "neutrinos"  and  is  not  recoverable.     Thus  we 
have  40  rnicroergs  going  into  radiation  which  is  emitted  from  the 
sun.     This  is  the  amount  set  free  for  each  helium  nucleus  pro- 
duced.    Cr,   in  other  words,  10  rnicroergs  are  liberated  for  each 
proton  destroyed.     It  has  been  calculated  that  the  sun's  mater- 

ial  contains  2.10      protons  per  gram.     If  all  the  protons  can 

1  R 

be  converted  into  helium  the  energy  supply  is  2  x  10  ergs 

per  gram.    At  the  present  time  the  sun  emits  2  ergs  per  gram 

mass.     At  this  rate  the  energy  will  last  about  30  billion  years 
A 

Thus  I  feel  we  need  not  worry  about  the  sun  losing  its  energy 
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some  time  to  come. 

RATE  OP  ENERGY  PRODUCTION 
How  is  the  rate  of  energy  production  obtained?    This  has 
been  done  by  the  use  of  laboratory  experiments  and  the  use  of 
Gamow,  Condon, Gurney  formula.     If  2  nuclei  of  charges  P^e 
and    p2e     collide  v/ith  a  relative  velocity  v,   then  the  probabil 
ity  of  occurrence  of  a  nuclear  reaction  is: 

where  P-,e    and  Pge    are  the  2  nuclear  charges, 
h  -  Planck's  constant 
v  -  Relative  velocity 

€  -  Base  of  natural  logarithms  (2.718) 
P1   -  A  coefficient  which  depends  on  the  particular 
reaction,  capture  or  particle  reaction;   and  on  the  diameter  of 
the  reacting  nuclei. 

What  is  most  important  for  our  study  is  the  exponential 
function.     This  function  becomes  very  small  for  low  nuclear 
velocities.     Therefore  we  cannot  take  large  energies  contained 
in  atomic  nuclei  unless  particles  of  high  kinetic  energy  are 
already  present. 

The  temperature  of  the  center  of  the  sun  as  obtained  from 
Eddington's  theory,  also  enters  this  calculation.  From  this 
information  it  has  been  figured  how  long  any  nucleus  at  the 
center  of  the  sun  will  live  on  the  average  before  it  is  struck 
by  a  proton  and  undergoes  nuclear  tranmutation.     If  this  cal- 
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culation  is  made  for  the  temperature  of  20,000,000,  C  ,  we 
find  the  following  average  "half  lifetimes": 


C-^  2,500,000  years 

N'  10  minutes        (spontaneous  decay) 

C15  50,000  years 

K14  4,000,000  years 
15 

0  2  minutes  (spontaneous  decay) 

i:15  20  years 


Therefore  6,500,000  years  may  be  considered  the  "half  lifetime" 
of  the  carbon  cycle  that  I  have  just  described. 

The  amount  of  carbon  and  nitrogen  in  the  sun  has  been  es- 
timated by  astrophysicists  to  be  between  1  and  10  percent  by 
weight;     the  most  recent  estimates  favor  the  higher  figure. 
Therefore  at  the  center  of  the  sun  there  would  be  about  25  mil- 
lion carbon  nuclei,  per  gram  of  material,  that  would  capture  a 
proton  every  second.  This  would  yield  about  1,000  ergs  per  gram 
per  second.     It  must  be  kept  in  mind  that  the  outer  regions  of 
the  sun  are  much  cooler  and  will  contribute  very  little  to  the 
energy  production.    When  this  is  taken  into  consideration  v/e 
find  that  the  theoretical  production  of  energy  is  about  50  ergs 
per  gram  mass  per  second.    Although  the  observed  radiation  is 
only  about  2  ergs  per  gram  mass,  this  is  satisfactory  as  there 
are  many  uncertainties  in  the  calculations. 

When  v/e  compare  the  energy  production  of  the  carbon  cycle 
with  other  atoms,  we  find  discrepancies  that  make  them  unreas- 
onable. For  instance,  if  we  take  the  action  of  3      we  find  the 


energy  production  too  high  by  a  factor  of  100,000.     If  v/e  take 
oxygen  it  is  too  low  by  10,000.     The  lighter  elements  give  still 
lower  results.     Therefore  it  is  only  the  carbon  cycle  that  gives 
a  correct  rate  of  energy  satisfactory  within  the  limits  of  un- 
certainty. 

..e  also  find  that  in  this  nuclear  reaction  only  hydrogen 
is  used  up,  and  that  for  four  hydrogen  atoms  consumed  one  hel- 
ium atom  is  produced.     Therefore  there  must  be  a  gain  in  the 
helium  content  of  the  sun.     Since  four  hydrogen  atoms  weigh 
more  than  one  helium  atom,   there  must  be  a  loss  of  weight, but 
this  is  only  very  slight.     Figures  show  that  this  would  be  much 
less  than  one  percent. 
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In  reviewing  all  the  theories  proposed  to  account  for  the  ener";,J 
of  the  sun,  we  find  that  the  hypothesis  of  Layer  can  not  alone 
account  for  the  energy  of  the  #un.  This  theory  proposed  that 
meteorites  falling  into  the  sun  produced  the  energy.     Of  course 
this  probably  happens  to  some  extent  and  we  can  assume  that  it 
probably  produces  some  of  the  sun's  energy.     Let  us  say  that  it 
yields  about  0.1  %    of  the  total. 

Also  when  reviewing  the  theory  of  Helmholz,     which  was 
based  on  the  contraction  of  the  gaseous  matter  of  the  sun,  we 
find  this  will  not  account  for  the  age  of  the  earth.  By  the 
study  of  radioactive  substances  the  age  of  the  earth    has  been 
estimated  to  be  1,500,000,000  years  which  is  considered  the 
best  figures  to  date.  We  will  therefore     say  that  this  process 
will  yield  about  one  per  cent  of  the  solar  energy.     This  leaves 
us  about  ninety-nine  per  cent  more  to  account  for. 

The  radioactivity  theory  also  does  not  seem  to  be  able  to 
account  for  the  rest  of  this  energy.  We'  found  that  in  order  to 
do  this  ,  uranium  would  have  to  make  up  almost  the  whole  of  the 
sun's  composition.     Since  from  all  the  evidence'  we  ha  vef. uranium 
(and  radioactive  substances)  make  up  only    about  one  per  cent 
of  the  solar  material,  v/e  will  consider  that  this  method  will 
yield  about  one  per  cent  of  the  energy,    "..e  still  have  about 
98/o  more  to  account  for. 

The  annihilation  theory,  which  proposed  that  the  sun's 
energy  is  produced  by  the  rushing  together  of  a  proton  and  elect}- 


ron,  with  their  annihilation,  could  account  for  this.  The 
difficulty  with  this  idea  is  that  we  have  never  had  any  evidence 
that  this  will  actually  happen.     If  we  should  ever  observe  such 
a  reaction    this  theory  can  be  revived  ,  but  for  the  present  I 
feel  we  will  have  to  neglect  it  in  our  calculations. 

Chen  we  examine  carefully  the  galactic  electron  stream 
theory  proposed  by  Gillette,   there  seems  to  be  too  much  contra- 
diction with  scientific  facts.     Also  as  far  as  I  have  been  able 
to  ascertain  there  are  no  figures  to  account  for  the  amount  of 
energy  produced.     Therefore  I  will  also  neglect  this  theory,  as 
unsound^in  estimating  the  sun's  energy. 

I  now  have  one  more  theory,  namely  the  liuclear  Transmut- 
ation theory.    While  we  have  found  it  too  difficult  to  produce 
these  transmutations  on  a  large  scale,,  ye t... we.  have  observed  .the sj|e 
actions  and  can  estimate  the  energy  released  by  them. 

The  conditions  of  the  sun  ,  with  a  central  temperature 
estimated  to  be  20,000,000    °C,  will  allow  for  these  transmut- 
ations.    This  temperature  is  the  result  of  calculations,  by 
Eddington  and  StrBmgren.     We  found  this  would  lead  us  to  be- 
lieve that  the  core  of  the  sun  is  gaseous  and  under  enormous 
pressure,  and  that  there  would  be  great  numbers  of  protons  and 
nuclei  there  with  enormous  velocities.    We  have  given  figures 
which  show  that  these  reactions  of  the  carbon  cycle  furnish 
enough  energy.     This  source  of  energy  can  also  account  for  the 
life  of  the  sun.     In  my  discussion  of  these  reactions  it  v/as 
stated,  that  at  the  present  rate  of  the  sun's  radiation,  this 
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theory  would  give  the  sun  a  life  of  thirty  billion  years.  But 
we  must  take  into  consideration  that  as  more  and  more  hydrogen 
is  converted  into  helium,   the  sun  will  get  hotter,  and  therefore 
the  carbon  cycle  v/ill  take  place  at  a  faster  rate.       Thus  the 
hydrogen  will  be  consumejii  faster.     Therefore  the  thirty  billion 
years  will  have  to  be  revised  and  will  give  probably  some  ten 
or  twelve  billion  years.  This  seems  the  best  theory  to  date  and 
can  account  for  the  remaining  98%, 

This  study  has  been  very  interesting  and  I    v/ill  suggest 
the  following  table  to  account  for  the  sun's  energy,  realizing 
that  it  is  only  an  estimate  based  on  the  values  I  have  placed 
on  the  theories  discussed. 

Mayers'       (Meteorite)      hypothesis  0,1% 
Helmholz's  (Contraction)     theory  1.0^ 
Radioactivity  theory  1,0% 

Galactic  theory   

Annihilation  hypothesis   

Nuclear  Transmutation  theory  98,% 

For  the  data  and  ideas  put  forth  by  me  I  am  greatly  in- 
debted to  G.  Gamow's  "The  Birth  and  Death  of  the  Sun",  "The 
Cause  of  the  Sun's  Heat  "  by  Ilalbert  P.  Gillette,  and  to  work 
done  by  Kans  A.  Bethe,  especially  a  lecture  given  in  1942  on  the 
"Energy  Production  in  the  Stars"     The  tables  of  data  have  also 
been  taken  from  Be the 's  works. 
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